An A390 alloy hollow billet was fabricated via a DC casting process prior to heat treatment and extrusion. The microstructural evolution and properties of the A390 alloy were studied by means of optical microscopy, scanning electron microscopy (SEM), electrical conductivity, tensile and hardness tests. The results show that primary Si particles experienced a slight change in that the sharp edges and corners became smooth. The eutectic Si particles were partially modified, the morphology changed from needle-like to rod-like and granular and the particle size increased during homogenization and T6 heat treatment. Some coarse primary Si particles fractured with cracks inside or separated into smaller ones, while fine eutectic Si particles being uniformly distributed in the matrix with a more rounded morphology after the extrusion process. Intermetallic phases were still distributed at the grain boundary after homogenization and T6 heat treatment, while the extrusion process was successful in changing the distribution of intermetallic phases to be uniform in the matrix. The Al 8 FeMg 3 Si 6 (³) phase disappeared and it was substituted by the Al 5 Cu 2 Mg 8 Si 6 (Q) and ª phase during homogenization, and Fe was dissolved into the Q phase. The electrical conductivity increased after the heat treatment and extrusion process. The ultimate tensile strength (UTS) and hardness significantly increased after the T6 heat treatment as a result of precipitate hardening. The tensile strength and hardness value were reduced after the extrusion process and that can be ascribed to a small portion of primary Si particles being fractured with crack inside during the extrusion process. However, the elongation increased significantly after the extrusion process and it can be attributed to the microstructural evolution, especially the changes of eutectic Si improved the continuity of the matrix.
Introduction
Lightweight materials such as cast aluminum alloys provide cost effective alternatives for cast iron in the automobile industry, since reducing the vehicle weight is an approach to increasing automobile fuel economy. 13) However, cast iron liners are needed on aluminum engine blocks in common design due to the hypoeutectic Al-Si alloys do not have the required tribological characteristics for engine block material. But the cast iron liners also have disadvantages in weight, thermal conductivity, recyclability and differential thermal expansion compared to the aluminum alloys. 4) Hypereutectic Al-Si alloys have the required wear resistance for engine block without liners and the first application was developed as early as the 1970s. 4) However, the application did not have great success due to the primary Si particles are coarse and uneven distributed in hypereutectic Al-Si alloy. To overcome such problems, various methods such as addition of nucleation agents 5, 6) and rapid solidification 7, 8) have been employed to refine the size of primary Si and the extent of macrosegregation. Alusil alloy (AlSi17Cu4Mg) with P refined can be used as engine block without liners.
9) The primary Si particles have a size in the range of 2070 µm in this alloy. However, this alloy can only be cast using the low-pressure die cast (LPDC) process and the throughput time is not acceptable for mass production. 10) Peak in Germany 11) have developed spray formed hypereutectic Al-Si alloy used for cylinder liner which are currently being used in Daimler-Benz automotive engines. However, extrusion and rotary swaging process are necessary to eliminating the porosity formed in the spray forming process. In addition, the production cost of this technology is relative high as compared to the widely used DC casting.
In the present study, an A390 alloy hollow billet was fabricated by DC casting process with fine primary Si particles uniformly distributed in the matrix, and then extruded into tube. The application prospect for the extruded tube is in the manufacture of cylinder liners with a low cost at mass production as compared to other processes. It has been reported that solution treatment is able to modify the morphology of eutectic Si from needle-like to spherical in addition to enable maximum solubility and homogeneity of alloying elements into the matrix. 12) However, heat treatment should be taken according to the specific processing routes due to microstructure varies with solidification rates. The effects of heat treatment and extrusion on the microstructure and properties of A390 alloy hollow billet were investigated by microstructural examination, electrical conductivity, tensile and hardness tests.
Experimental Procedure
2.1 DC casting of A390 alloy hollow billet A390 alloy (the nominal composition of Al-17%Si-4.2%Cu-0.55%Mg and refined by 1% of Al-4.5%P master alloy, in mass%) hollow billet with a size of¯60 mm/ 164 mm © 2000 mm was fabricated via the DC casting process. As shown in Fig. 1(a) , as the melt is poured into the water cooled mold and Cu mold (with appropriate taper angle), it starts to solidify and forms a solid shell, then the solid shell is withdrawn from the mold, the outer surface of hollow billet is directly cooled by water from the mold, while no cooling water is injected directly onto the inner wall of the hollow billet. With this method, no risk of vaporizing explosion would be caused even though a breakout of melt occurs at the inner wall, nor did any hanging would happens due to relative slow solidification shrinkage at the inner wall.
The casting parameters for fabrication of the hollow billet were: melt temperature into the molten pool of 770°C, casting speed of 110 mm/min, volume of cooling rate for mold of 90 l/min, volume of cooling rate for Cu core of 30 l/min.
Extrusion of A390 alloy hollow billet
Prior to the tube extrusion, for the purpose of releasing of residual stress and elimination of dendrite segregation of non-equilibrium phases, the hollow billet was homogenized at 480°C for 8 h and then furnace cooled to room temperature. Thereafter, the hollow billet was machined into a size of¯70 mm/¯156 mm © 350 mm. Indirect hot extrusion was carried out in a 16MN press using a container diameter of 7 inches and mandrel diameter of 66 mm (illustrated in Fig. 1(c) ).
The hot extrusion procedure was determined as follows: the hollow billet was heated to a temperature of 410420°C and indirectly extruded to tube with a extrusion speed of 15 20 mm/s. The extruded tube has an inner and outer diameter of 66 mm and 84 mm, respectively. Thus, the extrusion ratio was about 10.1 : 1.
Characterization
The as-cast hollow billet and extruded tube were given artificial age hardening treatment (T6) consisting a sequence of solutionizing, quenching and age hardening. The solution heat treatment was conducted at 490°C for 8 h followed by water quenching (25°C) and artificial aging was carried out at 170°C for 8 h. The microstructures were observed by optical microscope and scanning electron microscope (SEM). Image analysis method was used to calculate average size (equivalent diameter computed from the area of Si particle), aspect ratio (ratio between major axis and minor axis of ellipse equivalent to Si particle), roundness (permeter 2/(4³ * area)) and area fraction of the primary and eutectic Si particles. Each average value was taken from 20 measurements. For observation of three-dimensional (3D) morphologies of Si particles, the samples were deep-etched with 20 mass% sodium hydroxide solution and then characterized by using SEM. Electrical conductivity as a percentage of the international homogenized copper standard (%IACS) was measured using a Sigmascope smp10 electrical conductivity meter. Brinell hardness was measured using a 250 kg load and 5 mm diameter indenter (HB < 130), or a 750 kg load and 5 mm diameter indenter (HB ² 130), with a holding time of 30 s. Tensile test samples were conducted with two types of geometry: cylindrical bar for hollow billet and arc-shaped strip for extruded tube. The gauge section of cylindrical samples was¯6 mm © 30 mm, while the arc-shaped samples was 12.5 mm wide © 50 mm long and the thickness was measured according to the tube. The room temperature (25°C) and elevated temperature (250°C) tensile tests were conducted according to GB/T 16865-1997 with a cross-head speed of 1 mm/min. ) show the distribution of primary Si particles at 25 times magnification in as-cast and extruded conditions, respectively. It is clearly shown that the primary Si particles were uniformly distributed in the hollow billet and extruded tube. The DC casting process rather than the extrusion process plays the crucial role in determining the distribution of primary Si particles, as no significant improvement in the distribution of primary Si particles seen by the extrusion process. A 35 mm thickness of Si depleted region (shown in Fig. 1(b) ) existed at the inner wall of hollow billet, which results from the remelting of eutectic structures with low melting point due to the high latent heat of the Al-Si eutectic reaction and relative low cooling capacity at the inner wall. The Si depleted region can be machined away before the extrusion process, thus which has no negative effect on the down streaming processes. Based on 20 micrographs at 25 times magnification, the image analysis on primary Si particles size distribution in as-cast and extruded conditions were carried out and the results are given in Fig. 3 (a) and (b), respectively. The frequency of primary Si particle size larger than 30 µm dropped from 14.45% in as-cast condition to 9.53% in extruded condition. Meanwhile, the average size and area fraction of primary Si particles in extruded condition are slightly lower than that in as-cast condition. This can be attributed to a small portion of coarse primary Si particles were fractured into smaller ones during the extrusion process. Figure 4 shows the microstructures of A390 under different conditions at 500 times magnification. Primary Si particle size and morphology remained almost the same after the homogenization and T6 heat treatment except for the sharp corners of primary Si particles got smoothen. However, the differences in the eutectic Si particles size and morphology are evident. Eutectic Si particles exhibited needle-like in ascast condition ( Fig. 4(a) ) while the particles experienced spheroidization and coarsening during the homogenization and T6 heat treatment, and fractured into smaller size and more rounded morphology during the extrusion process. Image analysis of eutectic Si particle size, aspect ratio and roundness based on micrographs at 500 times magnification were carried out and the results are summarized in Table 1 . The A390 alloy had needle-like eutectic Si particles with the highest aspect ratio value of 3.63 « 0.25, highest roundness value of 4.86 « 0.50, and smallest size of 3.20 « 0.38 µm in as-cast condition. The eutectic Si particle size increased to 3.60 « 0.35 µm, aspect ratio decreased to 2.49 « 0.22 and roundness decreased to 2.13 « 0.20 after homogenization, and the T6 heat treatment have similar modification effects on eutectic Si particles. Homogenization and T6 heat treatment were successful in changing the needle-like eutectic Si particles into granular or rod-like morphology due to the reduction of interfacial energy between the Si particles and matrix provided the driving force for spheroidization of the needle-like eutectic Si particles. And the eutectic Si particle size increases as a result of the dissolution of small ones and the growth of large ones according to Ostwald ripening. However, some coarse eutectic Si particles remained long rod-like with high aspect ratio and roundness value after the homogenization and T6 heat treatment. Therefore, higher temperature and longer time are required to allow maximum breaking up of coarse eutectic Si particles. During the extrusion process, long rod-like eutectic Si particles in homogenized condition fractured into smaller ones as the eutectic Si particle size decreased from 3.60 « 0.35 µm to 3.28 « 0.03 µm and the morphology became more rounded as aspect ratio decreased from 2.49 « 0.22 to 1.87 « 0.01 and roundness decreased from 2.13 « 0.20 to 1.91 « 0.15. What is more, the morphology can be further rounded and size increased after the T6 heat treatment. Fine eutectic Si particles were uniformly distributed in the matrix instead of merely distributing at the grain boundary after the extrusion process. It is widely accepted that the eutectic Si particles can be effectively modified by the addition of Sr. 13, 14) However, the Sr weakens the refinement effect of P on primary Si in hypereutectic Al-Si alloy for the formation of Sr-P com- pounds. 15, 16) In this study, it can be seen that the combination of extrusion and T6 heat treatment provides a high-efficiency solution for modification of eutectic Si in hypereutectic Al-Si alloy.
In order to observe the primary and eutectic Si particles more intuitively, deep etch on A390 alloy were carried out. Figure 5 shows the 3D morphology of primary Si and eutectic Si particles. Primary Si particles in all conditions mainly exhibit block morphology but the sharp edges got smoothen after the homogenization and T6 heat treatment. The primary Si particle with a crack inside (as marked by circle in Fig. 5(e) ) clearly demonstrated that primary Si particle can be fractured during the extrusion process. It is clearly seen that the eutectic Si particles exhibit lamellar morphology in as-cast condition, and can be partially modified as mixed morphologies of thick lamellar and near spherical eutectic Si particles are observed in the homogenized and T6 treated conditions. The eutectic Si particle size reduced and morphology became more rounded after the extrusion process. Figure 6 shows the SEM micrographs of intermetallic phases in A390 alloy under different conditions. Figure 6(a) shows the intermetallic phases were concentrated at the grain boundary in as-cast condition. As seen in Fig. 6(c) and (e), there is no change in the distribution of intermetallic phases after the homogenization and T6 heat treatment but the amount of intermetallic phases distinctly decreased after the T6 heat treatment. As shown in Fig. 6(g) and (i), in extruded condition, fine intermetallic phases were uniformly distributed in the entire matrix instead of merely distributing along the grain boundary. This can be deduced that intermetallic phases were fragmentized by the extrusion force. In addition, the solubility of Cu increases with temperature up to approximately 1.75 mass% at the extrusion temperature (420°C) by the calculation of JMatPro software. Therefore, these dissolved elements preferentially precipitated at the dislocations inside the matrix rather than merely at the grain boundary. In as-cast condition, the main intermetallic phases are Al 2 Cu (ª), Al 5 Cu 2 Mg 8 Si 6 (Q) and Al 8 FeMg 3 Si 6 (³). The ³ phase contained a small amount of Cu, as the composition (mass%) of ³ phase (shown in Fig. 6(b) Fig. 6(d) , the complex phase is rich of Cu and associated with Q phase. Lasa 17) found that ª phase particles formed surrounding the dissolving ³ particles in Al-Si-Cu-Mg casting alloy during solution treatment. In this study, the complex phase is considered as a mixture structure of ª phase and Q phase transformed from ³ phase, and the Q phase is not possible to be distinguished from ª phase in this complex structure. As seen in Fig. 6 (f ), (h) and ( j), the Q phase particles always associated with the ª phase particles in extruded or T6 treated conditions.
Intermetallic phases
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Electrical conductivity
Thermal conductivity is the property of a material's ability to conduct heat and impacts the engines fuel efficiency and emissions. A higher thermal conductivity of cylinder block and liner makes the block easier to keep cool, reduces the cooling load and reduces the engine cooling system. Moreover, this enables the designers to develop engine with higher operating temperatures which increases engine power and reduces emissions. The measurement of electrical conductivity indirectly reflects the evolution of thermal conductivity during the heat treatment and extrusion process. Since the thermal conductivity is proportional to the temperature and electrical conductivity, according to the Wiedemann-Franz law.
Histograms that compare the electrical conductivity of A390 alloy under different conditions are shown in Fig. 7 . The A390 alloy had the lowest electrical conductivity at 21.4% IACS in as-cast condition. The electrical conductivity has an obvious increase as it reached to the peak value of 33.1% IACS after homogenization and to 26.2% IACS as a result of T6 heat treatment. The electrical conductivity remained at the peak value in extruded condition and decreased to 29.1% IACS after the T6 heat treatment. In comparing the electrical conductivity of as-cast-T6 and extruded-T6 treated A390 alloy, the value in extruded-T6 condition is higher than that in as-cast-T6 condition. When thermal conductivity is only considered, A390 alloy in extruded-T6 condition is superior to alloy in as-cast-T6 condition when used as service status for cylinder liner.
The evolution of electrical conductivity ¬ (inverse of resistivity) can be explained by a general form of Matthiessen' law, 18, 19) i.e.
where μ 0 is the temperature dependent resistivity term, P i μ i C i is the summation of the resistivity contribution from the various solid solution contribution, i.e. μ i is the specific resistivity of the ith solute and C i is the concentration of this solute, and μ ppt is the contribution of precipitates to resistivity.
The eq. (1) shows that both the solid solubility of atoms into the matrix and the type and size of the precipitates affect the electrical conductivity, which indicates that the change in electrical conductivity is related to microstructural changes. The lowest electrical conductivity in as-cast condition can be explained as follows: A390 alloy experienced a nonequilibrium solidification condition due to relative high cooling rate during DC casting. The Cu and Mg element can not completely precipitated into the ª, Q and ³ phases, thus the matrix kept some degree of supersaturation in as-cast condition. Moreover, the lamellar (in 3D morphology) eutectic Si particles wrecked the continuity of matrix. However, equilibrium was nearly reached after homogenization, the number of solute atoms reduced and the lattice distortion decreased evidently in the matrix. Furthermore, the morphology of eutectic Si particles changed from needle-like to granular and rod-like to some extent. As a result, A390 alloy had the highest value of electrical conductivity after homogenization. Rod-like eutectic Si particles got shorten and intermetallic phases dispersed uniformly in the matrix after the extrusion process, resulting in the electrical conductivity value remained at the same level as that in the homogenized condition. The A390 alloy underwent a sequence of dissolution of Cu and Mg-containing phases and precipitation of dissolved elements during the T6 heat treatment. As indicated by S. F. Fang, 20) the growth and coarsening of precipitates reduces the amount of solute atoms in the matrix and releases the strain fields around those precipitates, which results in an increase in electrical conductivity during aging. However, strain fields still exist because the ªA and QA metastable phases are semi-coherent with the matrix when precipitate from the matrix during aging. Therefore, the value of electrical conductivity in as-cast-T6 condition fell in between that in as-cast and homogenized conditions. A390 alloy had a higher electrical conductivity in extruded-T6 condition as compared to that in as-cast-T6 condition and this can be attributed to the improved continuity of matrix as eutectic Si particles were more rounded during extrusion process.
Mechanical properties
The tensile properties and hardness of A390 alloy under different conditions are listed in Table 2 . It can be seen that the tensile strength (· b ) and hardness of A390 alloy tested at 25°C increased from 271.6 MPa and 143 in as-cast condition to 415.1 MPa and 172.6 as a result of T6 heat treatment, respectively. It should be noted that the yield strength (· 0.2 ) is almost the same as tensile strength (· b ) in non-extruded condition. The · 0.2 , · b and hardness of A390 alloy increased from 203.1 MPa, 246.4 MPa and 90.8 in extruded condition to 383.4 MPa, 386.9 MPa and 158 as a result of T6 heat treatment, respectively. T6 heat treatment did not have an effect on elongation of as-cast A390 alloy while the elongation of extruded alloy decreased from 5.2% to 1.47% after T6 heat treatment. It is obvious that the · 0.2 , · b and hardness decreased after extrusion process. Whereas, the elongation can be obviously improved as it increased from less than 0.5% in as-cast condition to 5.2% in extruded condition. The · 0.2 and · b of A390 alloy tested at 250°C decreased to 223.1 MPa and 227 MPa in as-cast-T6 condition, while decreased to 182.5 MPa and 186.7 MPa in extruded-T6 condition, respectively, as compared to those tested at room temperature. The ductility of extruded-T6 treated A390 alloy showed a bit better at higher temperature (250°C) but no visible improvement was found in as-cast-T6 treated A390 alloy. The technology requirements from FAW-Volkswagen Automotive Company for the cylinder liner are as follows: average primary Si size smaller than 30 µm; tensile strength no less than 250 MPa; elevate temperature tensile strength no less than 150 MPa; hardness (HB) no less than 120. It is clearly seen from Table 2 that the T6 treated A390 alloy meets to these requirements and showed some superiority to the spray-formed, extruded and T6 treated Al25Si4Cu1Mg alloy. Furthermore, the results show that good comprehensive mechanical properties of A390 alloy can be achieved by the combination of extrusion and T6 heat treatment, since the elongation was improved obviously by the extrusion process and the strength was increased significantly after the T6 heat treatment.
The significant improvements in UTS and hardness for T6 treated A390 alloy can be mainly attributed to Cu and Mg elements dissolved into the matrix during solution treatment, and then ªA and QA phases precipitated dispersively from the supersaturated matrix during the aging treatment, which are semi-coherent with the matrix can enhance the strength and hardness of A390 alloy.
In tensile testing, the samples fractured suddenly without necking and the fracture surfaces were relative flat suggesting they were brittle fracture in all conditions. This is consisting with the results shown in Table 2 , which shows that the elongation was no more than 5.2%. Figure 8 shows the micrographs of fracture morphologies of samples in as-cast-T6 and extruded-T6 conditions tested at 25°C and 250°C. As seen in Fig. 8(a) and (c), no visible dimple was found at the fracture surface of as-cast-T6 treated A390 alloy. The fracture surfaces of extruded-T6 treated A390 alloy show mixture of cleavages of primary Si particles and shallow dimples, as seen in Fig. 8(b) and (d) . Cracks are clearly seen inside primary Si particles at the fracture surfaces and considered as crack initiator for the material. During deformation, the matrix in the vicinity of the Si particles deforms initially, and the stress imposed on Si particles increases as the stress imposed on samples increases. When the stress increases enough to debonding and fracturing of the Si particles, cracks generate by the fracture of primary Si particles, thus stress concentration will be more severe at the neighboring Si particles and promote the possibility of a succession of cracks developed in the neighboring Si particles. The eventual fracture of material occurs as matrix fractured to connecting the cracks developed in Si particles. As some primary Si particles were fractured and cracks generated inside the primary Si particles during the extrusion process, less stress was required to promote the fracture of Si particles. As a result, the · 0.2 and · b of extruded-T6 treated A390 alloy is lower than those in as-cast-T6 condition. Meanwhile, the increases in elongation of extruded A390 alloy can be explained as follows: In as-cast condition, the needle-like eutectic Si particles were interconnected and formed highly branched network, 22) thus the deformation of matrix was constrained between Si particles which resulted in brittleness of the as-cast material. What is more, due to the coarse eutectic Si particles still exhibited long rod-like and distributed at the grain boundary, as a result, no visible improvement was achieved in elongation after the T6 heat treatment. However, long rod-like eutectic Si particles broken up obviously and improved the continuity of the matrix during the extrusion process. In addition, casting defects such as microporosities were eliminated. Therefore, the matrix experienced a relative high strain prior to the fracture of material during deformation.
Conclusions
The microstructural evolution and properties of DC-cast A390 alloy hollow billet before and after heat treatment and extrusion were studied. The following conclusions can be drawn from the results of the present investigation:
(1) During the homogenization and T6 heat treatment, no remarkable change occurred on primary Si particle except for its sharp edges and corners became smooth. In contrast, the eutectic Si particles experienced spheroidization and coarsening as the morphology changed from needle-like to rod-like and granular and the particle size increased. During the extrusion process, a small portion of coarse primary Si particles were fractured with cracks inside or separated into smaller particles, the eutectic Si particle size was refined into more rounded morphology. (2) Intermetallic phases were mainly distributed at the grain boundary in the as-cast condition, and the homogenization and T6 heat treatment had no effect on the distribution. Intermetallic phases became more uniform in the matrix during the extrusion process. During the homogenization and T6 heat treatment, the Al 8 FeMg 3 -Si 6 (³) phase disappeared and it was substituted by the Al 5 Cu 2 Mg 8 Si 6 (Q) and ª phase, and Fe was dissolved into Q phase. (3) The electrical conductivity had the lowest value in ascast condition and increased after the heat treatment and extrusion process. The extruded-T6 treated alloy had a higher electrical conductivity than as-cast-T6 treated alloy. The changes of number of solute atoms and lattice distortion in the matrix and the morphology changes of eutectic Si particles are responsible for the variation in electrical conductivity. (4) The yield strength (· 0.2 ) and tensile strength (· b ) were significantly increased after the T6 heat treatment due to precipitate hardening. After the T6 heat treatment, the · b of as-cast and extruded A390 alloy are 415.1 MPa and 386.9 MPa at 25°C, 227 MPa and 186.7 MPa at 250°C, respectively. The decline in · 0.2 and · b of extruded A390 alloy is ascribed to a small portion of primary Si particles were fractured with crack inside during the extrusion process. However, the elongation showed remarkable increases after the extrusion process which can be attributed to the microstructural evolution, especially the spheroidization and coarsening of the eutectic Si particles improved the continuity of the matrix.
